Visual Illusion as a Tool to Investigate Brain Processing
=========================================================

A visual illusion refers to a percept that is different from what would be typically predicted based on the physical stimulus. Illusory perception is often experienced as a real percept. Illusory motion should not be confused with the perception of dynamism evoked by paintings ([@B87]), or by the speed lines often used in comic books ([@B31]). On the contrary, the observer's percept is usually phenomenally indistinguishable from real motion (see [@B133]; [@B91], for a review on motion illusions).

Visual illusions reflect the constraints developed by our visual system, through evolution, to support the efficient formation of visual representations that are also sufficient in describing our external environment (see [@B46], for a review). For example, such constraints allow us to perceive the constant illusion of a stable perceptual world, despite our receptors continuously signaling motion due to eye, head, and body movements. Consequently, it is quite difficult to provide a rigorous definition of "visual illusion", since our visual experiences are, in effect, always an illusion ([@B46]; [@B193]). As nicely described by [@B223], visual illusions show "the brain's signature superimposed upon the stimulus". Thus, visual illusions provide a powerful, non-invasive means by which to investigate our brain mechanisms.

There are numerous types of visual illusions, and they can roughly categorized by their perceptual appearance, including brightness (e.g., [@B186]; [@B90]; [@B235]; [@B10]; [@B224]; [@B70]), color (e.g., [@B239]; [@B185]), size (e.g., [@B220], [@B219], [@B218]; [@B217]), etc. (see [@B96], [@B97]). However, illusion classification did not reach a general consensus yet (see [@B101], for a recent review). Measuring a visual illusion, even if it sounds counterintuitive, can be done in a very accurate way in both human and non-human species (e.g., [@B143]; [@B36]; [@B85], [@B81], [@B79],[@B80], [@B76]; [@B62]; [@B72]; [@B89]; [@B224]; [@B100]; [@B121]; [@B175]; [@B211]; [@B1]). Following the everyman's perspective, visual illusions could not be considered a good tool for investigating perceptual differences in groups because they are "subjective". "Subjective" would mean that the observer response would be based on her/his perceptual outcome and also on her/his response criterion. On the contrary, following this naive interpretation, tasks based on physical differences in the stimuli would be "objective". This distinction is based on the wrong assumption so-called, "naive realism", which implies that perception faithfully reflects the stimulus at the retina level ([@B223]). Such an approach fails to consider the fact that performance in behavioral tasks reflect processing well-beyond that of our low-level visual systems, e.g., retinal processes. Consequently, the supposed "objective" task will be subjective exactly like a "subjective" task, because they are both a result of a mixture of perceptual processing and response criteria. As a side note, any motion stimulus presented on a computer screen is illusory motion exactly like cinema is. Thus, almost all the motion studies in the last 30 years are based on illusory motion instead of real motion.

In summary, the use of visual illusions to investigate brain processing and perceptual differences among groups in behavioral studies of perception is legit exactly like employing ordinary stimuli. Moreover, measures of visual illusions can provide much more information about neural mechanisms than ordinary stimuli due to their ability to highlight the visual system constraints. Over the course of vision science history, several illusions successfully provided the first intuition of how the brain processes a stimulus or the tool to investigate the neurobiological characteristics of the visual system (see [@B46], for a review).

Although the study of clinical populations and the world of visual illusions may not seem very connected, there have been some excellent advancements resulting from their joint study. For example, [@B172] recently reviewed the contribution of visual illusions in understanding schizophrenia. Here, we aim to review the literature using visual illusions to understand two of the most studied neurodevelopmental disorders: developmental dyslexia (DD) and autism spectrum disorder (ASD). Our choice of DD and ASD primarily stems from reports of peculiar visual abilities characterizing these clinical populations. Consequently, they seems perfect candidate disorders for investigation by visual illusions. Relevant articles for this review were obtained through a keyword search of the PubMed database, with dyslexia AND visual illusions" and "autism AND visual illusions" as search terms.

In addition to our review, we provide ideas for potential new horizons and the advancement of DD and ASD research through the study of visual illusions.

Visual Deficits in Developmental Dyslexia
=========================================

DD is often defined as a deficit in reading acquisition despite normal intelligence and access to conventional instruction (e.g., [@B6]). However, some variations in the definition of DD are present. For example, the U.S. National Institutes of Health define DD as a learning disorder ([@B170]). One of the worldwide used manual of medical diagnosis [@B119] includes separate diagnoses for DD and for "dyslexia and alexia". The latest version of the U.S. manual of psychiatric diagnosis ([@B7]), does not specifically define DD including that in a larger category called specific learning disorders.

Several attempted to account for DD, two main views, however, received major support. The first approach proposes that DD arises from deficits in systems that are specifically linguistic in nature. In particular, the phonological deficit theory suggests that DD arises from deficits in phonological processing (e.g., [@B93]). In contrast, many authors suggest that disorders in underlying non-linguistic sensory mechanisms are the real core deficit in DD (e.g., [@B227]; [@B244]; [@B52]; [@B77], [@B78]; for visual deficits; [@B252]; [@B231], for auditory deficits).

This theory, known as the temporal processing hypothesis, is the multisensory (i.e., visual and auditory) version of the magnocellular dorsal (M-D) theory of DD. This theory suggests that children with DD have deficits in rapid processing in visual and auditory modalities (see [@B63]; [@B108], for reviews). Chiefly, the temporal processing hypothesis explicitly claims that phonological decoding (i.e., pseudo word reading) deficits in dyslexics could arise from impairments in sensory processing of visual and auditory dynamic-stimuli (e.g., [@B71]; [@B136]; [@B53],[@B59]; [@B111]).

The well-known M-D theory of DD is often referred specifically to the visual modality, and it is a comprehensive, albeit controversial account (e.g., [@B9]; [@B221], [@B222]; [@B173]). This theory stems from the observation that reading disabled individuals are impaired in the specific visual M-D pathway (e.g., [@B140]; see [@B227]; [@B19]; [@B244]; [@B242]; [@B77], [@B78]; [@B176], for reviews).

The M-D pathway originates in the ganglion cells of the retina, passes through the M-layer of the lateral geniculate nucleus (LGN), and finally reaches the occipital and parietal cortices ([@B153]). The M-D stream is considered blind to colors, and responds optimally to contrast differences, low spatial frequencies, high temporal frequencies, and motion ([@B139]). The M-D stream mediates the required sensorimotor transformations for visually guided actions (see [@B75], for a review).

The M-D stream seems to be impaired in individuals with DD, whereas the other major parallel pathway of the visual system, the parvocellular-ventral (P-V) stream, is intact ([@B227]; [@B225]; [@B19]; [@B244]).

The P-V pathway is characterized by both lower temporal resolution and superior sensitivity to high spatial frequencies, and it is also sensitive to color changes ([@B139]). The P-V stream plays its major role in the perceptual identification of objects ([@B75]). However, some studies failed to confirm differences in high temporal, low spatial frequency stimulus perceptions, which are thought to rely upon M-D processing, between individuals with DD and controls (e.g., [@B240]; [@B122]; [@B251]; see [@B209], for a review).

Importantly, a post mortem study showed that in the brains of individuals with DD the M neurons of the LGN were noticeably smaller than those found in normal readers' brains, while the P neurons did not differ ([@B140]). This finding was recently buttressed by the first *in vivo* MRI study ([@B73]), showing smaller LGN volume in a larger sample of individuals with DD compared to controls.

[@B86] also found the first reported association between a genetic variance (the DCDC2-Intron 2 deletion) and an M-D deficit in both individuals with DD and typical readers. The DCDC2-Intron 2 deletion is a proved DD genetic risk factor (e.g., [@B156]; [@B152]; [@B150]; [@B190]).

Recently, [@B88] showed that: (i) motion perception was impaired in children with dyslexia in comparison both to age matched and to reading level (RL) controls, that are younger controls who read at the same level as the dyslexics ([@B93]); (ii) pre-reading visual motion perception---independently from auditory-phonological skill---predicted future reading development, and; (iii) targeted M-D trainings---not involving any auditory-phonological stimulation---led to improved reading skill in children and adults with DD. Their findings demonstrate, for the first time, a causal relationship between M-D deficits and DD, virtually closing a 30 years long debate.

It should be noted that the M-D pathway terminates mainly in the posterior parietal cortex, which is highly linked to the prefrontal regions ([@B163]; [@B75]; [@B157]). These cortical regions rapidly control selective attention in humans (e.g., [@B55]; [@B134]; [@B194], [@B196]; see [@B37], [@B38]; [@B45], for reviews). Thus, a weakened or abnormal M-D input to the dorsal-stream could result in a spatial and temporal attention deficit in children and adults with DD (e.g., [@B24]; [@B250]; [@B237]; [@B110]; [@B243]; [@B57], [@B60], [@B54], [@B58], [@B59]; [@B120]; [@B109]; [@B22]; [@B28]; [@B141]; see [@B241]; [@B108]; [@B19]; [@B244]; [@B226], for reviews) and specifically in dyslexics with poor pseudo-word reading ability ([@B33]; [@B29]; [@B61], [@B53]; [@B191]; [@B125]; [@B204], [@B203]). Interestingly, the M-D and attentional deficits in individuals with DD were found also in logographic languages such as Chinese (e.g., [@B256]; [@B138]). The visual attentional disorder is now recognized as a core deficit of DD ([@B67], [@B68]; [@B258]; see [@B226]; [@B66], for reviews).

Visual Illusions in Developmental Dyslexia
==========================================

The role of visual illusions in unveiling perceptual and attentional deficits in DD was crucial during the last 15 years. For example, [@B214] using an apparent motion Ternus display ([@B232]) showed that individuals with DD, both children and adults, presented a significant reduction in Ternus group movement.

[@B232], see **Table [1](#T1){ref-type="table"}** for details) devised an apparent motion stimulus composed of two alternating frames separated by a blank interframe interval (e.g., [@B2]).

###### 

Descriptions of the visual illusions used in the studies reviewed in this article.

  ------------------------------
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The reduced group motion perception in individuals with DD was interpreted as an increase in the duration of visible persistence ([@B214]), which was consistent with evidence for an M-D pathway disorder in DD (e.g., [@B140]).

[@B213] also using the Ternus display confirmed the results by [@B214] and gave the same explanation in terms of increased visible persistence in children with DD.

[@B33], employed the Ternus display as well, showing differences between individuals with DD and controls. Their results indicate that the Ternus task performance was related to pseudoword reading but not to exception word reading ability (i.e., phonological DD subtype). These authors provided two alternative interpretations of these findings: (1) pseudoword reading requires a serial left-to-right allocation of visual attention across the letter string being read. The neural systems involved in this attentional process also play a part in responses to the Ternus display; or (2) poor pseudoword reading and abnormal Ternus performance were not directly related: perinatal/neurodevelopmental insult affected the LGN (influencing Ternus performance) and the adjacent medial geniculate nucleus (affecting phonological ability), and the medial geniculate nucleus abnormalities may be more functionally related to poor non-word reading. [@B42] confirmed the results found by [@B33] demonstrating that individuals with DD do genuinely differ from typical readers in their perceptual processing.

[@B178] convincingly suggested the Ternus display as a proxy able to test the M pathway functioning in DD. [@B125] failed in finding significant differences in the group motion using Ternus display between high functioning adults with DD and a control group. The authors themselves provide one explanation for these results. The M deficit in their specific group of university students, with a high degree of compensation, is so mild that difficulty only arises when M input is required for the direction of sequential attention ([@B241], [@B242]; [@B52]). Moreover, in the [@B125] study, the group with DD was unselected and no subtyping was done. [@B33] found differences in the Ternus display performance specifically in the phonological DD subtype.

[@B179] showed that individuals with DD are less sensitive to the detection of the frequency doubling (FD) illusion pattern than normal readers, supporting a low-level deficit in the M-D pathway. The FD illusion (see **Table [1](#T1){ref-type="table"}** for details) was explained by [@B130] in terms of the full wave rectification carried out by the visual system. Such rectification is found in M(y)-cells of the primate retina ([@B15]) and LGN ([@B127]; [@B151]). It is therefore suggested, that responses from the M(y)-cells underlie perception of the FD illusion (see [@B144], for a detailed discussion regarding the relationship between M(y)-cells and frequency doubling).

[@B29] confirmed the results of [@B179] showing deficits in both M pathway (FD illusion) and attentional tasks. These deficits cannot be explained by differences in concentration lapses, eye movements or reaction times between individuals with DD and controls.

[@B177] showed that a poor performance in the FD illusion task was associated with a lower ability to read a word inside the text, which could suggest a dysfunctional attentional focus in individuals with DD.

[@B131] demonstrated that children at familial risk for DD already show a higher threshold for the FD illusion even at pre-reading stage. Importantly, in their longitudinal study ([@B132]), the threshold for the FD illusion at the pre-reading stage predicts future reading skills, suggesting a causal role of the M-D deficit in DD.

[@B76] recently demonstrated that children with DD showed a lower performance in the FD illusion task not only in comparison with an age matched control group, but also with an RL control group. The use of the RL control can be a first step in research aimed at delineating the causal factors in reading disabilities.

In addition, [@B228] employed the line-motion illusion ([@B115]) to show how the spatial distribution of attention (e.g., [@B56]) -- which is dominated by the M input -- differs between individuals with DD and typical readers.

The line motion illusion is obtained by the presentation of an attentional cue just before the appearance of a stationary line (see **Table [1](#T1){ref-type="table"}** for details). This stimulus revealed the connection between the M-D pathway and the attentional deficit in DD ([@B228]). Recently, [@B103] showed, using fMRI, that the pattern of brain activation during a motion direction task while observing the line motion illusion was very consistent with the attentional gradient model. These results confirmed that this stimulus is a good proxy for measuring the attentional abilities of individuals with DD.

[@B137] employed an apparent motion display coined by [@B25] the "visual stream segregation". The "visual stream segregation" ([@B25]) is an apparent motion display based on the classical β movement (see **Table [1](#T1){ref-type="table"}** for details). The illusion persists even when the stimuli are widely separated, a phenomenon called "long-range apparent motion" ([@B23]; [@B145]; [@B208]). In order to respond to apparent motion, neurons have to integrate information over a large part of visual space, spanning at least the distance between the two inducing stimuli. Several studies have shown that MT in the macaque and other primates and its human homolog, the MT/V5 complex (hMT/V5+), respond to stimulus conditions that induce apparent motion (e.g., [@B159]). In contrast, receptive-field sizes in early visual areas and, in particular, the primary visual cortex (V1) are too small to account for long-range interactions between stimuli. The fact that one actually observes spatially resolved movement between the inducing stimuli in apparent motion suggests that there could be a filling-in process in early visual areas that is driven by feedback from extrastriate regions with larger receptive-field sizes. In particular, back-projections from hMT/V5+ have been shown to be relevant for perception of motion and apparent motion (e.g., [@B181]). [@B167] proved that the activity in V1 changes as a function of the subjectively perceived motion trace. [@B229] showed, using fMRI, how the hMT/V5+ feedback mediated the activation of V1 in the presence of apparent motion.

The visual stream segregation was used in conjunction with an auditory stream segregation to assess the "sluggish attentional shifting" (SAS) hypothesis ([@B137]) suggested by [@B108]. This theory argues that individuals with DD would show attentional deficit, through SAS, in all sensory modalities. The amodality assumption of the SAS theory was never directly assessed before in the same group of individuals with DD using similar paradigms in both the visual and auditory modalities. [@B137] showed a deficit in both auditory and visual modality in individuals with DD. These results supported the view that the multisensory SAS hypothesis. [@B136] confirmed these results adding also evoked related potentials (ERPs) evidence.

[@B86] showed that children with DD presented a lower performance also in tasks specifically tapping the D portion of the M-D pathway in comparison with both age controls and RL controls. Moreover, [@B86] reported, for the first time, an association between a genetic variance (a deletion in intron 2 of the DCDC2 gene), and an M-D deficit in individuals with and without DD. In order to obtain these results, two motion illusions were employed: the rotating tilted lines illusion (RTLI) ([@B84]) and the accordion grating illusion (AGI) ([@B82], [@B83]).

The RTLI, is the simplest pattern able to trigger illusory rotation in the presence of only radial expansion motion on the retina (see **Table [1](#T1){ref-type="table"}** for details). The illusory effect appears to be strongly reduced or even to disappear with isoluminant colors ([@B100]).

The second motion illusion employed by [@B86] was the AGI consisting in a square-wave grating which exhibits two distinct illusory effects (see **Table [1](#T1){ref-type="table"}** for details). The V5/MT, which is a core, neural station of the M-D pathway, also processes the illusory motion perception ([@B205]). Consequently, the RTLI and the AGI represent appropriate candidates for testing the functioning of this visual pathway. The choice of testing illusory motion was not only interesting for itself, but it also provided some advantages in comparison to testing the real motion perception. The main technical advantage was that the illusory motion required more contrast than real motion to be perceived, which provided a larger window to vary the independent variable. The direct consequence was having a more sensitive instrument to test the M-D pathway functionality. Moreover, most of the evidence for the visual D deficit in DD has derived from studies of coherent dot motion perception (see [@B226], for a recent review). However, the impairment in the coherent dot motion task was only found in the presence of high external noise ([@B222]). The illusory motion tasks were the first able to measure the more dorsal portion of the M-D pathway being clearly independent from any noise exclusion mechanism. The RTLI was also used to show the M-D functioning improvement after action video game training in children with DD ([@B88]).

Finally, although it is out of the scope of this review on visual illusions, it is interesting to mention that auditory illusions also played an important role in the study of DD (e.g., [@B107]; [@B113]; [@B137], [@B136]).

In summary, visual illusions played a crucial role in the study of DD, and it is probably only the starting point of a successful long collaboration between scientists studying this neurodevelopmental disorder and researchers in vision sciences. In particular, the above described visual illusions clearly played a prominent role in providing important evidence for the M-D theory and the attentional deficits in DD. Interestingly, the results obtained by the reviewed visual illusions not only helped in showing an association between perceptual and attentional deficits and DD, but also provided often the first evidence of a causal role of these cognitive deficits on the emergence of DD (see **Table [2](#T2){ref-type="table"}** for a summary of reviewed studies).

###### 

Overview of the published articles investigating visual illusions sensitivity in developmental dyslexia (DD).

  Reference   Visual Illusion                                              Main results (i.e., illusion sensitivity)
  ----------- ------------------------------------------------------------ ------------------------------------------------------------------------------------------
  [@B214]     Apparent motion Ternus display                               DD \< Controls in perceived group motion
  [@B228]     Line-motion illusion                                         DD \< Controls
  [@B213]     Apparent motion Ternus display                               DD (only mixed subtype of dyslexia) \< Controls in perceived group motion
  [@B33]      Apparent motion Ternus display                               DD (only phonological subtype of dyslexia) \< Controls in perceived group motion
  [@B42]      Apparent motion Ternus display                               DD \< Controls n perceived group motion
  [@B179]     Frequency doubling illusion                                  DD \< Controls
  [@B29]      Frequency doubling illusion                                  DD \< Controls
  [@B125]     Apparent motion Ternus display                               DD = Controls
  [@B131]     Frequency doubling illusion                                  Pre-readers at familial risk for DD \< Pre-readers not at risk
  [@B132]     Frequency doubling illusion                                  Future poor readers \< Future typical readers
  [@B137]     Visual stream segregation                                    DD \< Controls
  [@B136]     Visual stream segregation                                    DD \< Controls
  [@B76]      Frequency doubling illusion                                  DD (only children) \< in comparison to both chronological-age and reading-level Controls
  [@B86]      Rotating tilted lines illusion, Accordion grating illusion   DD (only children) \< in comparison to both chronological-age and reading-level Controls

Visual Deficit in Autism Spectrum Disorder
==========================================

Autism spectrum disorder (ASD) is a pervasive developmental condition characterized by abnormalities in communication, social interaction, and presence of markedly restricted interests and stereotyped behaviors ([@B6]).

Although the dysfunctions in social cognition and communication are typically considered the "core" deficits in ASD individuals, a growing amount of evidence consistently reports abnormalities in low-level visual perception and attention (e.g., [@B105]; [@B40]; [@B166]; [@B212], for reviews, but see [@B98],[@B99]). The idea that atypical visual processing can account for the core deficits of the disorder is one of the most intriguing aspects of the current research in autism (e.g., [@B245]; [@B154]; [@B198], [@B197],[@B199]; [@B149]).

According to the neuroconstructivist approach (see [@B128]; [@B123], for reviews) early abnormalities in low-level perception and attention could cause the typical developmental trajectories to deviate and produce impairments in high-level cognitive domains (e.g., [@B169]; [@B49]; [@B67]; [@B195]). Attentional impairments are probably the most consistently reported neurocognitive deficit in infants and children with ASD (e.g., [@B48]; see [@B3]; [@B8]; [@B206], for reviews).

The attention spotlight is not only oriented in a specific location, but also has to be adjusted in its size ([@B50]; [@B236]). This ability allows one to process visual stimuli from a narrow (zoom-in) or a broad visual region (zoom-out) (e.g., [@B55]; [@B51]). [@B142] showed that children with autism responded to a restricted range of environmental stimuli, suggesting that their attention was excessively focused. The authors explained these findings in terms of "stimulus over-selectivity". More recently, this idea was corroborated by a prolonged zoom-in and sluggish zoom-out attentional mechanism ([@B198], [@B199]). This abnormal attentional focusing is probably linked to dysfunctional top--down feedback from the fronto-parietal network to the early visual areas. The attentional zoom-out deficit could contribute to the atypical visual perception associated to individuals with ASD, which, in turn, could have consequences in their social-communicative development ([@B148]; [@B198], [@B199]; [@B192]; [@B215]).

Stimulus over-selectivity can also be coupled with a strong resolution for the details. Compared to typically developing peers, individuals affected by ASD manifest better performance in local element discrimination involving static visual stimuli, as in visual search tasks (e.g., [@B174]; [@B4]; [@B74]), in the embedded figure test (e.g., [@B124]; [@B147]) and in visual crowding ([@B12]). An enhanced visual processing of detailed information preference in ASD was also demonstrated with electrophysiological recordings ([@B183], [@B182]; [@B245]).

The local bias in autism seems to also occur for dynamic visual information ([@B34]). However, it is still unclear whether the perceptual bias for details (i.e., local processing) over global elements (i.e., global processing) is at the expense of the understanding of the visual scene (e.g., [@B35]).

Visual Illusion in Autism Spectrum Disorder
===========================================

Visual illusions are ideal for examining whether or not weak central coherence theory can explain perceptual processing in ASD ([@B69]; [@B106]; [@B35]). Central coherence is defined as the tendency to process incoming information in its context often with a cost regarding memory for details ([@B105]).

The weak central coherence theory suggests that problems with global processing in individuals with ASD can allow them to see the local elements in a very accurate way.

The weak central coherence theory has no explicit neurobiological counterpart ([@B32]). However, [@B162] and [@B95] suggested that a deficit in perceiving the global aspect of visual stimuli could derive from a dysfunction of the M-D pathway. This hypothesis appears controversial and it has been criticized by several studies ([@B165], [@B166]; [@B16]; [@B198]).

Based on the weak central coherence theory, ASD could be less susceptible to the visual illusions that are based on global indices or integration of local elements. During the last 15 years, several studies employed visual illusions to examine weak central coherence theory and, more in general, the perception peculiarities observed in individuals with ASD.

To our knowledge, [@B104] was the first to connect the world of visual illusions with the research on ASD. Her study opened a debate that is still now at the center of ASD research. [@B104] investigated the response to six geometrical illusions (see [@B171], for a recent review of this category of illusions) in individuals with ASD: the Ebbinghaus illusion ([@B47], also known as Titchener circles, [@B234]), Ponzo Illusion ([@B188]), Müller-Lyer illusion ([@B168]), Poggendorff illusion ([@B257]); Hering illusion ([@B114]), and the Kanizsa triangle ([@B126]). Three groups of individuals were part of this study: a group with ASD, another one with learning difficulties and a control group of typical developing participants. The illusory patterns were standard two-dimensional (2-D) black and white line drawings, or three-dimensional (3-D) appearance patterns obtained by adding colored lines. The individuals with autism were less likely to succumb to the 2-D illusory patterns than the other groups, and were less aided by the 3-D control condition. [@B104] concluded that children with ASD were significantly less sensitive than control children to visual illusions. These results were interpreted in favor of weak central coherence in ASD.

All the visual illusions employed in the [@B104] study are clearly characterized by global information that produces illusory percepts. The Ebbinghaus illusion ([@B234]; [@B47], see **Table [1](#T1){ref-type="table"}** for details) produced a large number of papers (e.g., [@B248]; [@B155]), showing how relevant this pattern is in vision sciences.

The Ponzo illusion ([@B188]), also produced a large amount of literature (e.g., [@B65]; [@B180]). Several studies and different interpretations were published on the Müller-Lyer illusion ([@B168], see **Table [1](#T1){ref-type="table"}** for details) too (e.g., [@B249]; [@B44]). [@B187] using fMRI showed that the lateral occipital cortex and right superior parietal cortex were associated with illusion strength.

The Poggendorff illusion (see **Table [1](#T1){ref-type="table"}** for details) was discovered by Poggendorff during the observation of the figure published by [@B257], while being the editor of the journal that first published the now very popular image. Several studies and different interpretations have since been published on this phenomenon (e.g., [@B94]; [@B41]).

The Hering illusion ([@B114], see **Table [1](#T1){ref-type="table"}** for details) is also a classical illusion that has produced several studies and different interpretations (e.g., [@B117]; [@B102]).

Finally, the Kanizsa triangle ([@B126]) is the most famous pattern exhibiting illusory contour. The illusory contours inspired a large amount of literature (e.g., [@B207]; [@B30]). Neurons in area V2 and even V1 respond to the cues that induce illusory contours in human observers much in the same way as to real contours (e.g., [@B112]; [@B223]). This is surprising as the receptive field fell in-between the inducers with no access to the surround, showing the limitation of the classical receptive field model (e.g., [@B184]; [@B216]).

[@B116], using fMRI, showed that specific brain regions were activated in extrastriate cortex only in presence of illusory contours. These unique regions were found primarily in the right hemisphere.

Later, [@B200], [@B201]) investigated the following visual illusions in individuals with ASD: Ebbinghaus ([@B47]), Ponzo ([@B188]), Müller-Lyer illusion ([@B168]), and the vertical-horizontal illusion ([@B11]). These authors -- using a different control condition -- did not find any significant difference in illusion perceptions between individuals with ASD and controls, arguing against the weak central coherence theory. The control stimuli were the same illusory patterns from which the global elements triggering the illusion were eliminated.

Besides the already described illusions, [@B200], [@B201]) also used the vertical-horizontal illusion ([@B11], see **Table [1](#T1){ref-type="table"}** for details).

This classical illusion is no exception in producing a large number of studies (e.g., [@B135]; [@B160]), but one of the most complete investigations seems to be the study by [@B146], who proposed a model able to quantitatively describe the illusory effect.

[@B118] employed the same six visual illusions used in the study by [@B104]. No difference in the illusory perception between individuals with ASD and typically developed controls was found.

In the same year, [@B202] showed no differences in the illusory perception of the Thatcher Illusion ([@B233], see **Table [1](#T1){ref-type="table"}** for details) between individuals with ASD and controls. The authors concluded that children with ASD are able to compute second-order configural features in faces and they do not show differences in face processing, relative to controls.

Although not a classical illusion, the Thatcher Illusion captured a large interest in the vision sciences community, as showed by the large amount of literature that refers to it (e.g., [@B238]; [@B158]).

Using fMRI, [@B189] found a peculiar involvement of the superior temporal sulcus -- a region known to be linked to the facial expressions processing -- only when the face of the Thatcher Illusion was upright.

[@B27], recording with the EEG, showed gamma band abnormalities in adolescents with ASD while observing the Kanizsa triangle. However, no difference between groups in the report of the participants was observed. [@B212] suggested that this difference in the gamma band could be an artifact due to eye movements.

[@B20] employed the same six visual illusions used in the study by [@B104], but in a sample composed of individuals with high-functioning autism (HFA) and found that children with HFA showed a significantly less sensitivity to these visual illusions.

In the same year, [@B230] found differences in ERPs between children with ASD and controls watching illusory contours ([@B126]).

Later, [@B161] tested perception of illusory contours in children with ASD using a paradigm that requires participants to make a forced choice about the dimensions of a shape defined by illusory contours. There were no significant differences between the performance of children with ASD and either of the two control groups (a group of children with special educational needs and another one composed of typically developing children).

[@B247] investigated individuals with autistic traits instead of examining susceptibility to visual illusions directly in a population with ASD, in which it is more difficult to acquire precise measurements of perception. These authors employed the Ponzo Illusion ([@B188]) and the Poggendorff illusion ([@B257]). A significant relationship was found between autistic traits and susceptibility to the tested illusions, supporting the idea that perception in autism is heavily weighted toward local features relative to typically developed individuals.

[@B164] compared individuals with ASD who had IQs in the normal range against matched controls in their susceptibility to the [@B210] illusion (see **Table [1](#T1){ref-type="table"}** for details). Both groups succumbed to the illusion. However, individuals with autism were less susceptible to the illusion than typically developing controls. The authors interpreted these results as attenuated top-down influences in individuals with ASD.

[@B35] also investigated individuals with autistic traits. Given that ASD is commonly associated with comorbid disorders, a psychophysical study on visual illusions in the general population is conceivably more likely to be reproducible ([@B35]). These authors employed the Ebbinghaus ([@B47]), the Ponzo ([@B188]), and Müller-Lyer illusions ([@B168]). Their findings confirm that the cognitive operations underlying global processing in the Müller-Lyer illusion are peculiar in comparison with other illusions and showed that this specific type of global processing may be affected in ASD.

In summary, visual illusions have played an important role in the study of ASD, however, in contrast to the studies involving visual illusions and DD, the results in ASD seem to be more controversial, withsome studies presenting opposite results (see following chapter for possible reasons for these outcomes). These findings should not discourage future researches from employing visual illusions to investigate atypical perception in ASD. On the contrary, it should motivate scientists to find creative solutions to reduce discrepancy. For example, the suggestion by [@B35] to investigate individuals with autistic traits could be the way to follow in the future.

In sum, illusory effects driven by contextual cues (global information) were the illusions employed in almost the totality of the ASD studies reported here. This choice was the result of testing the weak central coherence hypothesis in ASD, however, this can be viewed as an opportunity for future research to employ completely different kinds of visual illusions to further investigate the peculiar way in which individuals with ASD perceptually characterize the world (see **Table [3](#T3){ref-type="table"}** for a summary of reviewed studies).

###### 

Overview of the published articles investigating visual illusions sensitivity in autism spectrum disorder (ASD).

  Reference   Visual illusion                                                                       Main results (i.e., illusion sensitivity)
  ----------- ------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------
  [@B104]     Ebbinghaus, Ponzo, Müller-Lyer, Poggendorff, Hering illusions, and Kanizsa triangle   ASD \< in comparison to both Controls and children with learning difficulties
  [@B200]     Ebbinghaus, Ponzo, Müller-Lyer, and vertical-horizontal illusions                     ASD = in comparison to both Controls and children with moderate learning difficulties
  [@B201]     Ebbinghaus, Ponzo, Müller-Lyer, and vertical-horizontal illusions                     ASD = in comparison to both Controls and children with moderate learning difficulties
  [@B118]     Ebbinghaus, Ponzo, Müller-Lyer, Poggendorff, Hering illusions, and Kanizsa triangle   ASD = Controls
  [@B202]     Thatcher                                                                              ASD = Controls
  [@B20]      Ebbinghaus, Ponzo, Müller-Lyer, Poggendorff, Hering illusions, and Kanizsa triangle   High-functioning autism (HFA) \< Controls
  [@B230]     Illusory contours (ERP data)                                                          ASD \< Controls
  [@B161]     Illusory contours                                                                     ASD = Controls
  [@B247]     Ponzo and the Poggendorff                                                             ASD \< Controls
  [@B164]     Shepard illusion                                                                      ASD \< Controls
  [@B35]      Ebbinghaus, the Ponzo Illusion, and the Müller-Lyer illusion.                         ASD \< Controls for the Müller-Lyer illusion

Conflicting Findings About Visual Illusions in Autism Spectrum Disorder
=======================================================================

The mixed results found for the weak central coherence hypothesis in ASD when examined by the visual illusions could be due to several factors.

The lack of significant difference observed between the ASD group and controls, such as those by [@B200], [@B201]), could be due to differences in the procedure compared to [@B104] original study. [@B106] pointed out that [@B200], [@B201]) did not used the 3-D control stimuli originally employed by [@B104]. This control, according to [@B106] could be helpful in disambiguating the conflicting results.

Moreover, [@B106] suggested that a possible explanation for conflicting findings could be related to the information provided to the individuals with ASD. Participants with ASD made misjudgments similar to those observed in typically developed individuals when asked, for example, whether two lines of an illusion "*looked* the same length", but were much more accurate than controls when asked whether the two lines "*were* the same length" ([@B106]).

Later, [@B247] suggested that a real difference in susceptibility to visual illusions between individual with ASD and controls might have been obscured by the circumstances under which the studies were performed and the various types of control populations adopted across studies. An important difficulty is dealing with differences in mental age between the groups. Typically, selecting a mentally age matched control group for comparison with an ASD group solves this problem. However, this solution often results in a difference in chronological age between the groups. This difference could potentially be a problem while measuring illusion susceptibilities ([@B247]), since it is known that susceptibilities to visual illusion can be modulated by age (e.g., [@B17]). Some authors have suggested that visual illusion susceptibility reaches an adult-like level between the ages of 6 years (e.g., [@B248]; [@B255]) and 15 years old (e.g., [@B26]; [@B21]). On the other hand, some authors showed that this susceptibility changes throughout the life span, and it also depends from the specific pattern employed (e.g., [@B39]; [@B17]). Another option could be to compare a group of individuals with ASD to a control group matched for chronological age, but this would introduce a confound, if illusion susceptibility is instead correlated to mental age ([@B247]).

Another potential source of conflicting findings can be the heterogeneity of the ASD group itself. This would be particularly problematic when the ASD group contains individuals across the autistic spectrum ([@B247]). Moreover, even in the presence of similar diagnoses, the heterogeneity in cognitive abilities and severity of impairments recorded among individuals with ASD often remains great ([@B13]; [@B14]). The individual differences in the ASD group are all the more magnified when comorbid disorders are present ([@B18]). Considering that the samples of individuals with ASD in the above reported studies are always relatively small, this within-group heterogeneity could sometimes potentially obscure a real difference between groups ([@B247]).

Also [@B35], highlighted the heterogeneous nature of ASD ([@B18]) as a possible cause of conflicting results in studies investigating visual illusions in this clinical population.

Moreover, [@B35] stressed that there are a several difficulties in carrying out well-controlled visual psychophysical experiments in individuals with ASD, such as variability in compliance, instruction comprehension, and perseverative behaviors.

In addition, the sluggish zoom-out of attentional focus showed in individuals with ASD ([@B148]; [@B198], [@B199]; [@B192]; [@B215]) could be another source of conflicting results. Different sizes and durations of the illusory stimuli might change results radically due to the difficulty in zooming out characterized in individuals with ASD.

Both, [@B247] and [@B35] proposed comparing measures of autistic tendencies to individual differences in visuospatial processing ability within a typically developing population.

[@B212] agreed that this methodology can be an alternative way to study the impact of autistic traits on visuospatial processing, without introducing confounds like age differences, comorbidity, and variable symptoms. The use of continuous measures instead of dichotic classification ("ASD" or "typical") as a means of quantifying particular autistic traits, allows correlations between performance on visuospatial tasks and trait strengths to be measured ([@B247]).

Moreover, it is possible to study the effects of a single autistic trait rather than treating all traits associated with ASD as a whole ([@B247]; [@B195]). An additional advantage of this continuous-trait approach is the possibility of easily recruiting much larger samples; this option allows for much greater data collection than when limiting recruitment those diagnosed with ASD. Interestingly, both studies employing this methodology ([@B247]; [@B35]) reported that high autistic traits are related to less susceptibility to some visual illusions.

However, as noticed by [@B35], the extent to which these results can generalize to the individuals with ASD may need further investigation.

In summary, the presence of findings that seem to be sometimes conflicting when the susceptibility of visual illusion is measured in groups of people with ASD can be the result of several factors. Different procedures employed, variations in the instructions provided to the participants, differences in control groups and sample sizes, and last but not least, the heterogeneous nature of ASD itself, all seem to be factors that can lead to different results. It is worth noting that, probably because of some aforementioned factors, research in ASD often provides conflicting results. For example, there is no consensus regarding the brain areas involved in the disorder or in its genetic bases ([@B5]).

Conclusion: New Perspectives on the Involvement of Visual Illusions in the Study of Developmental Dyslexia and Autism Spectrum Disorder
=======================================================================================================================================

The contribution of visual illusions to our understanding of neurodevelopmental disorders seems far from reaching its peak. After reviewing the studies that employed visual illusions to unveil brain mechanisms in DD and ASD, it appears that there have been important steps forward. One aspect that could be improved upon is the method by which visual illusion sensitivity is measured. While simply asking if the illusion is perceived or not has the benefit of making the task easier for participants, which are often children or sometimes adult with communications difficulties (i.e., some individuals with ASD), it is probably not the most accurate approach. Constant stimuli or staircases with nulling paradigms (in which different levels of physically countering information are presented to the observer until the illusory effect is nullified) could be the proper approach for obtaining a much more precise measure of visual illusion sensitivity in future research. The challenge will be to develop a paradigm with these methodologies that is still simple enough to be performed by children and individuals with difficulties in communication.

Moreover, we also suggest utilizing visual illusions for other interesting challenges such as:

1.  *The early identification of the disorders.* DD diagnosis, for example, can be done, by definition, only after reading acquisition. It implies that any potential treatment cannot start before the child reaches 7 or even 8 years old. On the contrary, a deficit in the M-D pathway can be identified much sooner, potentially at infancy. Consequently, developing new visual illusion tasks, capable of testing M-D functionality, can lead to earlier identification of children at risk for DD. Early identification will have a positive cascading effect in the battle against DD and its negative outcomes. Children identified as at risk for DD could be specifically treated well before the typical age of diagnosis. This preventative approach would improve existing cognitive deficits, and children would potentially reach the age of reading acquisition with a much better toolbox at their disposal for facing the challenge of learning to read. Moreover, brain plasticity is much more evident in the early years of life, and treatment would have a better chance of being effective. Prevention is undeniably the main goal in DD research, and visual illusions could play a leading role in achieving this goal.

2.  Regarding ASD, diagnosis can be done in children as young as 2 years old. However, developing paradigms for infants to show a reduced sensitivity to visual illusions could make the identification of risk for ASD even earlier. Moreover, it will provide other tools to use together with the more traditional measurements in order to make the diagnosis more reliable.

3.  *Longitudinal studies.* Another connected area of research where visual illusions could play an important role is in longitudinal studies. These studies are crucial to proving the existence of a causal link between a specific cognitive deficit and the neurodevelopmental disorder. Visual illusions, measuring the M-D functionality, could be employed at the pre-reading stage. The aim would be discover if future reading disabilities could be explained by a pre-existing deficit in the M-D pathway, and thus eliminate any confound related to noise exclusion mechanisms.

4.  Also for ASD, a longitudinal study showing that less sensitivity to illusions in infancy is causally linked to future ASD symptoms would be of utmost importance, from both theoretical and practical reasons. Such a result result would prove that the weak central coherence is a cause and not a consequence of ASD, and early treatments to strengthen the central coherence in infants at risk for ASD could be developed.

5.  *Efficacy of treatment tests.* Finally, visual illusions could be employed to test the efficacy of a treatment for DD or ASD. It is expected that an effective treatment would show a correlation between the reduction of neurodevelopmental disorder symptoms and performance on the visual illusions task.

This role of efficacy tests for treatments could also be extended to prevention programs aiming to reduce the incidence of DD or ASD.

Conclusion
==========

The use of visual illusions as a tool for investigating the brain mechanisms of individuals with neurodevelopmental disorders has already shown to be a very successful approach, and it has the possibility to offer answers in future exciting challenges.
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